INTRODUCTION
Genetic exchange in Streptococcus faecalis is enhanced when donor cells harbouring certain conjugative plasmids respond to sex pheromones ('clumping-inducing agents', or CIAs) produced by recipient cells (Dunny et al., 1978; Clewell, 198 1) . Pheromone response involves cell aggregation or clumping, an increase in the frequency of gene transfer, and, as recently discovered, the surface exclusion of related plasmids . Sex pheromone activity in streptococci may be of clinical significance. The transfer of plasmid-determined traits such as antibiotic resistance and haemolysin and bacteriocin production throughout a streptococcal population may be accelerated as a result of pheromone-enhanced mating.
We have been interested in the cell surface changes involved in mating and the pheromone response determined by the conjugative tetracycline resistance plasmid pCF 10. We have determined, by immunoblotting (Western blotting), that at least two proteinaceous antigenic components are induced in donor cells by the CIA. Specifically, a 73 kDa antigen (SA73) and a group of bands in the 130 kDa region (C130) [which may arise by post-translational modification of two or more bands in the 125 kDa range (C125)I have been associated with the CIA response of pCFlO . Evidence for these changes was obtained by comparing antigen preparations from an isogenic set of strains including a plasmid-free recipient, a donor strain harbouring pCF10, and a strain harbouring a spontaneously derived mutant plasmid, pCFl1, which confers elevated gene transfer and a clumpy appearance of the host cells even in the absence of CIA. Pheromone response antigens were identified as those specifically associated with aggregated cells.
The use of antibodies in the identification of these components has been indispensable, because the CIA-associated changes on the cell surface are not detectable in stained gels. The decision to isolate monoclonal antibodies to these antigens arose as a result of our desire to purify the specific antigens, to identify related antigenic determinants among the various components, to determine the functions of the antigens in the pheromone response, and to identify antigenically related products of gene expression in various mutant strains as well as from cloned fragments of chromosomal and plasmid DNA. In this paper we describe the isolation of monoclonal antibodies to pheromone-induced and uninduced antigens, and their use in identifying antigenically related determinants, in pheromone response assays, and in defining functional components in cell mating. We have recently utilized a monoclonal antibody to demonstrate that the pheromone-induced surface exclusion function is mediated by the C 130 antigen .
METHODS
Bacteria and culture conditions. The bacterial strains used included a plasmid-free recipient strain S . faecalis OGlSSp and an isogenic donor, OGISSpP10, carrying the CIA-responsive plasmid pCFIO. Also used was OGISSpPI 1, which carries a mutant plasmid pCFl1, conferring a constitutively clumpy and elevated gene transfer phenotype. Isolation (Dunny et al., 1981 (Dunny et al., , 1982 , cultural conditions (Dunny et al., 1981) , and surface antigen compositions of these strains have been described. Mating experiments were performed (using OG lSSpPl0 as donor and OG 1 RF as recipient. The latter strain has been described previously (Dunny et al., 1978) . Crude preparations of pheromone were made by trichloroacetic acid precipitation of cell-free culture fluids of OG lSSp . Pheromone-free control preparations were obtained by performing the same procedure on sterile broth. Production of antibodies. (i) Polyclonal. Production of polyclonal antibodies directed against cell surface antigens was accomplished by immunizing rabbits with whole cells of CIA-induced OGlSSpPl 1 and has been previously described .
(ii) Monoclonal. Whole cells of CIA-induced OG1 SSpPl 1 were grown in BYGT medium [ 1.9% (w/v) brain-heart infusion (Difco), 0.5% (w/v) yeast extract (Difco), 0.2% (w/v) glucose, with 0.1 vol. 1 M-Tris, pH 8.0; Dunny et al. (1981) ], washed in 0.2 M-EDTA, pH 7-0, to disaggregate clumps of cells, inactivated in formalinized saline, and washed in physiological saline solution as previously described . The suspended cells (1 ml, or approximately 2 x lo9 cells) were injected either intravenously or intraperitoneally; in addition, the cell suspension was mixed 1 : 1 (v/v) with Freund's complete adjuvant, and a total of 0.25 ml was injected at various sites subcutaneously. This immunization protocol was repeated once, 7 d after the first injection. BALB/c mice or A 0 rats, 8-12 weeks old, were used for immunization. After 2 weeks, serum was obtained and tested for antibody titre in an enzyme-linked immunosorbent assay (ELISA), using whole cells of CIA-induced OGlSSpPll as antigen. The animals were boosted with 0.5 ml cell suspension intraperitoneally 3 d before fusion.
Hybridoma cell lines were constructed by standard methods, essentially as described by Galfrk & Milstein (1981) . Spleen cells from immunized animals were fused with cells of the Sp2/0-Ag14 myeloma cell line in the presence of polyethylene glycol. The fusion mixture was plated into 96-well microtitre plates in Dulbecco's modified Eagle's medium (DMEM, from Gibco) containing 20% (v/v) foetal bovine serum (FBS) plus 5 x lo-? Mhypoxanthine, 1 x M-aminopterin and 1 x M-thymidine (HAT). Three levels of screening were employed to select hybridomas producing monoclonal antibodies of interest. Preliminary screening by ELISA was performed on wells exhibiting viable hybridomas using CIA-induced OGlSSpPI 1 cells as antigen. The use of these cells in the first screening allowed detection of antibodies directed against both induced and uninduced cell surface antigens. Then, a differential ELISA was performed, using CIAinduced OG 1 SSpPl 1 cells separately and in addition to plasmid-free OG lSSp cells as antigens. In this second level of screening, antibodies to pheromone-induced antigens were differentiated from antibodies directed against chromosomally determined antigens common to both cell types. In the third screening, monoclonal antibodies of interest were identified by their reactivities in the development of Western blots. Cloning was performed by limiting dilution in HAT on a layer of spleen feeder cells. Established hybridoma cell lines were maintained on DMEM plus 10% (v/v) FBS.
Monoclonal antibodies were concentrated from hybridoma culture fluids by precipitation with ammonium sulphate at 50% saturation and subsequently dialysed against PBS, pH 7.0. Antibody-free control preparations were obtained by precipitation and dialysis of sterile DMEM plus 10% (v/v) FBS.
ELISA. Unless otherwise noted, bacteria were grown overnight at 37 "C in BYGT medium in the presence or absence of CIA. They were harvested, washed in 0.2 M-EDTA, pH 7.0, and resuspended in sterile distilled water to an OD450 of 0.25 & 0-05. The cell suspension was distributed into microtitre plate wells (200 p1, or approximately 4 x lo7 cells, per well). The microtitre plates were then dried overnight at 60 "C, resulting in an antigenic coating of whole cells as the first layer of the ELISA. All subsequent incubation steps were performed at ambient temperature. After a brief rinse of the dried wells with a solution of 0.05% (v/v) Tween-20 in PBS (PBS-T), a blocking agent of 005% (w/v) ovalbumin in PBS was added (200 pl per well), and the plates were incubated with shaking for 15 min. The wells were rinsed three times with PBS-T, 50 pl of antibody sample (whole serum or hybridoma culture fluid) was added, and the plates were incubated with shaking for 1 h. After rinsing the wells three times with PBS-T, 50 pl of an appropriate species of peroxidase-conjugated anti-IgG immunoglobulin was added, and the plates were incubated with shaking for 2 h. Following three PBS-T rinses of the wells, 100 pl of a peroxidase substrate consisting of 0.04% (w/v) o-phenylenediamine and 0.01 % H 2 0 2 in 0.05 ~-phosphate/O.02 Mcitrate buffer, pH 5.0, was added (Voller et al., 1979) , Colour development was allowed to proceed for 5 min, then the reaction was stopped with 2.5 M -H~S O~ and the degree of colour development was measured in a Dynatech microplate reader at 490 nm.
Surface antigen preparation. Cell surface antigens were prepared by ammonium sulphate precipitation of cellfree culture broths, or by Zwittergent 3-12 extraction of cells, as previously reported .
Gel electrophoresis and Western blotting, SDS-PAGE of Zwittergent cell extracts or culture supernates was done by the method of Laemmli (1 970). Separated components were electrophoretically blotted onto nitrocellulose paper, and cell surface antigens were visualized using an enzyme-linked immunological development, in a modification of the method of Towbin et al. (1979) , as described previously .
Immunoprecipitation. Specific antigens were purified and concentrated by immunoprecipitation with whole serum or salt-precipi tated monoclonal antibody and Protein A-bearing Staphylococcus cells, as described previously . Immunoprecipitated antigens were then subjected to SDS-PAGE and Western blotting, and visualized by reacting the blots with polyclonal serum and immunoenzymic colour development, as described above. Antigen-free controls, to determine background reactivity on blots, were prepared by performing the staphylococcal precipitation with antibody on sterile BYGT medium (for culture broth antigens), or Zwittergent-containing buffer (for cell-extracted antigens), Antibody-free controls to determine nonspecific precipitation of antigens were prepared by performing the staphylococcal precipitation with antigen in the presence of normal rabbit serum (polyclonal antibody control) or salt-precipitated DMEM plus 10% (vlv) FBS (monoclonal antibody control).
Mating experiments, Protocols for pheromone induction and mating have been described previously (Dunny et al,, 1981 (Dunny et al,, , 1982 . The effects of monoclonal antibodies on mating were ascertained by the addition of saltprecipitated hybridoma culture fluids to mating mixtures. Salt-precipitated DMEM plus 10% (v/v) FBS was added to mating mixtures to give antibody-free controls, 859
RESULTS AND DISCUSSION
Isolation of hybridoma cell lines producing monoclonal antibodies to cell surface antigens Microscopic inspection of fusion plate wells revealed viable hybridoma cells in approximately 4045% of the wells, representing a fusion frequency of 15-18 hybridomas per lo7 spleen cells. These estimates were based on results of several different fusion trials. In one representative fusion, approximately 28 % of the wells showing hybridoma growth were positive for antibody production in the first ELISA screening using CIA-induced OG lSSpPl1. The percentage of hybridomas producing monoclonal anti bodies that were reactive on the preliminary whole-cell ELISA screening, but which were not reactive in the development of Western blots, was 57% in one fusion. This indicates destruction of cell surface epitopes by the conditions of SDS-PAGE and/or blot immobilization, or perhaps their absence in antigen extraction mixtures. It is known that certain monoclonal antibodies may have variable reactivities in different assay systems (Mierendorf & Dimond, 1983; Goldstein et al., 1982; O'Connor & Ashman, 1982) . The use of a differential ELISA screening procedure (see Methods) allowed identification of monoclonal antibodies specific for CIA-induced antigens, thereby facilitating cloning decisions, without the labour and time involved in Western blotting. In this ELISA, antibodies were tested for reactivity against induced OG 1 SSpP 1 1 cells and against plasmid-free OG 1 SSp cells. A ratio of reactivity to induced OGlSSpPl 1 relative to OGlSSp was calculated on the basis of ELISA absorbances. Anti bodies to common chromosomally determined antigens yielded a ratio of approximately 1 -0, while those specific for induced antigens yielded a ratio significantly greater than 1.0.
Identijcation of monoclonal antibody reactivity by immunoprecipitation of antigens
The problem of non-reactivity of many of the monoclonal antibodies to antigens immobilized on nitrocellulose blots prompted an attempt to identify the reactive antigens by immunoprecipitation. In immunoprecipitation, antigenic determinants are available for antibody recognition in a soluble state that is perhaps more representative of the original immunogenic form than that occurring after SDS-PAGE and immobilization on nitrocellulose.
The reactivity of one monoclonal antibody, 4.5E7, to Zwittergent-extracted antigenic determinants was tested by its direct reaction to blotted components from SDS-PAGE and by the immunoprecipitation of determinants from a Zwittergent extract of cells (Fig. 1) . Each of the blots in Fig. 1 includes Zwittergent extracts from the plasmid-free strain OG 1 SSp, from the pCF 10-carrying strain OG 1 SSpP 10, and from CIA-induced OG 1 SSpP 10. The major antigenic bands commonly observed in these preparations are indicated in blot (a). Surface antigen SA73 (73 kDa) is a CIA-induced antigen and has been described previously . Other major antigens that are chromosomally determined include an 80 kDa component, which on other blots actually appears to be a doublet; a 63 kDa component; and a 40 kDa component, which may consist of several bands. In blot (b) it is seen that monoclonal antibody 4.5E7 directly reacts with the 40 kDa component on the blot. In blot (c) which shows immunoprecipitation of antigens with polyclonal antiserum, additional antigens are indicated at 100 kDa and at 45 kDa which were not as evident in blot (a). These components, which may have been present in low amounts in the cell extraction mixture, appear to have been concentrated from the mixture by the immunoprecipitation. However, despite the cleaner appearance of blot (c) compared to blot (a), several bands appear to be missing in (c) that were present in (a), in particular the 40 kDa component. It is possible that the immunocomplex formation somehow prevented degradation of this component in the SDS denaturation step. In fact, it is conceivable that the missing 40 kDa component may be related to the newly evident bands in (c) (100 and 45 kDa). Some evidence for this notion is apparent from blot (d), in which antigens have been immunoprecipitated with monoclonal antibody 4.5E7. The antigens recognized by this monoclonal antibody are indicated, namely, the 100 kDa, the 45 kDa, and barely visible, the 63 kDa component. (The 80kDa antigen also appears to have been immunoprecipitated by 4.5E7 ; however, this antigen often nonspecifically precipitates even in antibody-free controls, so it cannot be stated that its appearance on this blot is due to specific monoclonal anti body reactivity .)
The ability of monoclonal antibodies to immunoprecipitate more than one polypeptide has been previously observed (Brown et al., 1980) . In our system, immunoprecipitation with the monoclonal antibody (blot d ) has revealed components that share a specific antigenic determinant and which would have gone unnoticed if antibody reactivity had been determined only by direct blot development (blot b).
Time course of binding of monoclonal antibodies to cells afier CIA induction
Accumulation of the CIA-induced C130 antigen in the surrounding culture medium with time after CIA induction has been demonstrated previously . This was accomplished by immunoblotting of culture supernate antigens and detection with polyclonal antiserum. The binding of two representative monoclonal antibodies to whole cells after CIA induction was tested by ELISA. Monoclonal antibody 66.2A12 is specific for the induced C130 antigen , and 4.5E7 reacts with common constitutive antigens (see Fig. 1 ). For this ELISA, OG lSSpPl0 cells were exposed to CIA for varying periods, and distributed into microtitre plates from a standard cell density as described in Methods. Figure 2 illustrates the time course of binding of both monoclonal antibodies to induced and uninduced OGlSSpP10 cells. Binding of 66.2A12 to the CIA-induced cells increased with time, but binding to uninduced cells was relatively constant over the time course of the experiment (Fig. 2a) . Binding of 4.5E7 was not significantly altered during the time course of the experiment, for either induced or uninduced cells (Fig. 2b) .
The demonstration of increased binding of 66.2A12 to cells after CIA induction is important for at least two reasons. (1) It is additional evidence and a clear demonstration that the C130 antigenic determinant, which we can detect in culture broth preparations, and less readily in detergent extracts of cells, is an induced component present on the cell surface. (2) It provides a method of quantifying induced cell surface antigens, and may be of use, for example, in physiological experiments or in the characterization of mutant derivative strains.
Binding of monoclonal antibodies to cells afier varying CIA exposure: generation of a dose-response curve Binding of monoclonal antibody 66.2A12 was used to demonstrate differences in amounts of induced antigen on the surfaces of OGlSSpP10 cells in response to varying concentrations of CIA (Fig. 3) . Binding of 66.2A12 to cells exposed to decreasing concentrations of CIA was significantly diminished over an eightfold CIA dilution. In contrast, its binding to cells exposed to varying dilutions of a CIA-free control preparation remained at a low, relatively constant level; these control absorbance values were subtracted from the experimental values in the generation of this curve.
The results of these experiments show that it is possible to use this monoclonal antibody in assessing dose-response relationships with regard to CIA induction. According to conventional target theory, the slope of a dose-response curve may be used to predict the number of sites that a biologically active molecule must bind, or the number of molecules needed per cell, in order for a response to be observed. The slope of the line in Fig. 3 Table 1 . The Zwittergent-extracted antigens recognized by the antibodies used in these matings are indicated in Table 2 . All the monoclonal antibodies tested here were specific for constitutively synthesized surface components.
In mating A the increased frequency of gene transfer induced by CIA was apparent in the increase in the number of transconjugants per donor after CIA induction (Table 1 ). The addition of monoclonal antibody 4.5E7 to mating mixtures inhibited gene transfer by both uninduced and induced donors, relative to the respective antibody-free matings. As seen in Table 2 ,4.5E7 was reactive with the constitutively expressed 40 kDa antigen, and it is thus possible that this component is functional in some aspect of the mating mechanism. Similarly, antibody 4.7F6 inhibited both CIA-induced and uninduced genetic exchange. This antibody was reactive with a 26 kDa component, which may therefore also have a function in mating.
Antibodies 4.1G5 and 4.3Cll had no effect on mating frequency (Table 1 , mating B), yet both were reactive with the previously implicated 40 kDa component (Table 2 ). Both these antibodies were only weakly reactive to this component on Western blots. They may bind weakly to or easily dissociate from the functional surface component in the native state, Table 1 . Efects of monoclonal antibodies on conjugation jiequency Strain OGlSSpP10 was used as donor and strain OGlRF as recipient. Mating procedures were as described by Dunny er al. (1981 Dunny er al. ( , 1982 . 4.7 x 10-2 4.2 x lo-" 2.9 x lo-* 1.6 x 10-5 6.5 x 10-3 2.0 x 10-5 2.5 x 10-3 * All monoclonal antibodies were strongly reactive in ELISA titrations and were assumed to be present in excess. Antibody-free controls consisted either of sterile hybridoma medium, or of culture medium from hybridomas producing no antibody detectable by E L S A or Western blot development. resulting in normal mating frequencies, or they may bind to an epitope in a portion of the protein that is not directly involved in mating. Antibody 6.2D9 (Table 2) had strong affinity on Western blots to both 40 and 26 kDa components as well as to two other antigens. These components, therefore, are related by a common antigenic determinant. However, 6.2D9 had no significant effect on mating (although there was a suggestion of inhibition in induced cells) ( Table 1 , mating C). Perhaps in this case the antigenic determinants strongly reactive in the denatured state are not exposed or available for antibody association in the native state on the cell surface. Alternatively, binding of 6.289 to the surfaces of mating cells may not cause the conformational change in the antigen necessary for inhibition of its function.
We have recently demonstrated that monoclonal antibodies 66.2A12 and 2.1B12, both of which are reactive with the CIA-induced C130 antigen, inhibit surface exclusion of homologous plasmids, and we have used this evidence to implicate C130 as a functional surface exclusion protein . In contrast, 4.5E7, which reacts with constitutive antigens (Fig. 1 ) had no effect on surface exclusion (unpublished observations). These constitutive antigens, however, may have another as yet undefined role in mating, as evidenced by the inhibitory effect of certain reactive monoclonal antibodies, including 4.5E7, in mating experiments (Table 1) . The inhibitory antibodies reacted with 40 and 26 kDa surface components, and these components share antigenic determinants.
Through comparisons of monoclonal reactivity in Western blots and immunoprecipitations, progress has been made toward identifying structurally related cell surface components. The continued use of monoclonal antibodies for antigen identification and purification, in pheromone response assays, as well as in functional experiments involving genetically altered strains, will help to precisely define the components involved and the molecular details of conjugation in S. faecalis.
